Computed tomography (CT) was used to compare the tissue structures involved in sound production and reception in a fetus and its maternal body of a female finless porpoise (Neophocaena asiaorientalis sunameri) found stranded at Huian, Fujian Province, China, in April 2014. Qualitative assessment of the CT images revealed the physical development of main acoustic tissues including melon, blubber, mandibular fat, muscle, and connective tissue in a 10-month old fetus. Compared to the maternal body, the cranium of the fetus was not enclosed, air sacs and nasal meatus were both absent, and the maxilla was much thinner. Furthermore, Hounsfield unit (HU) measurements from CT scanning were used to quantify the difference between the fetus and its maternal body for melon, blubber, mandibular fat, muscle, and connective tissue. Statistical analyses revealed significant differences in HU between all 5 structures melon, blubber, mandibular fat, muscle, and connective tissue (P < 0.001) both in the fetus and maternal body. The median HU values of melon, blubber, mandibular fat, and muscle in the fetus (−61.0, −74.0, −24.0, and 25.0, respectively) were higher than those recorded in the maternal body (−85.0, −85.0, −69.0, and 12.0, respectively). However, the median HU value of connective tissue (50.0) in the fetus was lower than that recorded in the maternal body (60.0). The results show that the acoustic tissue structures were not fully developed in the fetus and depending on the actual age of the fetus the structures may not be fully formed by the time of birth. Further studies are needed to determine at what age finless porpoise calves have fully developed the tissue structures needed to produce and use ultrasound beams for echolocation.
Studies of morphological characteristics have identified 2 species of finless porpoise, the Indo-Pacific finless porpoise (Neophocaena phocaenoides) distributed in the South China Sea and the Indian Ocean (Wang 1992a (Wang , 1992b Jefferson and Wang 2011) and the narrow-ridged finless porpoise (Neophocaena asiaeorientalis-Wang and Reeves 2012). There are 2 identified subspecies of N. asiaeorientalis, the Yangtze finless porpoise (N. a. asiaeorientalis) distributed in the Yangtze River and its connected lakes and the East Asian finless porpoise (N. a. sunameri) distributed in Yellow Sea and Bohai Sea Gihr 1972, 1975; Wang 1992a Wang , 1992b Jefferson and Wang 2011) and Japanese coastal waters of the northwest Pacific, and the Indo-Pacific finless porpoise (N. p. phocaenoides -Wang and Reeves 2012) .
The biosonar signals in small cetaceans are created by the vibration of the fatty bursae and the associated monkey lips/ dorsal bursae (MLDB) complex embedded in the nasal system (Cranford et al. 1996) . These sound-generating vibrations are reflected forward by nasal air sacs and bony substructures, focused by the fatty melon and propagated into the environment (Aroyan et al. 1992; Cranford et al. 1996 Cranford et al. , 2008 Cranford et al. , 2011 Cranford et al. , 2014 Norris and Harvey 2005; Soldevilla et al. 2005; Wei et al. 2014) . Therefore, lack of development or deficiency of these acoustic structures may affect the echolocation properties or prevent an odontocete to echolocate. In addition, structural differences among odontocete individuals due to age might lead to different acoustic properties. Age-related effects have been demonstrated in the cephalic anatomy of Cuvier's beaked whale (Ziphius cavirostris- Cranford et al. 2008 ) and potential hearing loss has been indicated in an older Indo-Pacific humpback dolphin (Sousa chinensis -Li et al. 2013) .
To date, most research investigating age-related development of odontocete echolocation has focused on analyzing the acoustic signals (Bain 1988; Bowles et al. 1988; Hendry 2004; Li et al. 2007a ). Few studies have been conducted to investigate the natal development of acoustic tissue structures involved in sound production and reception capabilities (Oelschläger 1990; Solntseva 1990 ). The aim of the present study was to investigate and compare the acoustic tissue structures of a finless porpoise (N. a. sunameri) fetus and its maternal body using computed tomography (CT) scans.
Materials and Methods
A dead pregnant female finless porpoise (N. a. sunameri) was found near Huian, Fujian Province, China (25.07°N, 118.96°E) on 2 April 2014. The body length of the maternal body was 1.32 m and its weight was 54.0 kg (Fig. 1a) . Based on the body length and published data on body length/age relationship for finless porpoises (Zhang 1992) , the estimated age of the female was around 7 years old. After CT scan, the fetus was extracted from its maternal body. The body length of the fetus was 0.57 m; weight was 3.9 kg (Fig. 1b) . The pregnancy of the mother was then estimated to 10 months based on the body length and published data on length versus age for finless porpoises (Zhang 1992; Shirakihara et al. 1993; Jefferson et al. 2002) .
The finless porpoise was found dead at sea by fishermen. After retrieval, and to avoid decomposition of soft body tissues, the porpoise was transported directly (3 h by vehicle) for CT scanning without any physical pretreatment. The timing and cause of death were unknown. No scars or obvious injuries were found on the body and no internal injuries were found during the scanning. The CT scanning was conducted at the Radiology Department of Affiliated Zhongshan Hospital of Xiamen University. A GE Light Speed VCT 64 Slice CT scanner (GE Healthcare Lifesciences, Pittsburgh, Pennsylvania) was used for high-accuracy scanning with a slice width of 0.625 mm. A sensitive radiation detector was used to measure the transmitted radiation, adding up the energy of all transmitted photons. The data from multiple ray sums were then processed to reconstruct a CT image. All scanned images were collected with a 120 kV × 600 mA power setting with a matrix size of 512 × 512 and saved in DICOM format. In CT images, internal structures of the specimens were displayed from multiple projections formed by scanning thin cross sections with a narrow x-ray beam. The CT numbers, described by Hounsfield unit (HU) values, were derived by comparing the linear attenuation coefficient of a point with that of water. Data derived from the CT scan were analyzed to determine HU values for the description of the physical properties of the tissues (Duck 1990; Robb 1999) . HUs are scaled from -1,000 to > 1,000, where air is at -1,000, water at room temperature water is 0, and hard bones can be found at > 1,000 (Robb 1999) . Mammalian soft tissues generally range between -100 and 100, with fatty tissues at the lower end and denser connective tissues at the upper end (Duck 1990) . Figures 2a and 2b show the 3-dimensional CT reconstructions of the specimens and their yz sections, where the long body direction of the female porpoise was set as z-axis, the width (horizontal) direction as x-axis, and the height (vertical) direction as y-axis. The curled fetus inside the maternal body was clearly observed in the vertical reconstruction (yz section) from the CT image, as shown in Fig. 2b .
After CT scanning, the HU data of acoustic structures from the 2 heads were extracted by the software Mimics 10.01 (Materialise, Leuven, Belgium) and then processed using Origin 9.0 (OriginLab, Northampton, Massachusetts). Skull structures (maxilla and cranium), air components (air sacs and nasal meatus), and main acoustic tissues (melon, blubber, mandibular fat, muscle, and connective tissue) were obtained from the CT images at xy, yz, and xz sections. For both the fetus and maternal body, the median values of HUs of 5 groups of soft tissues (melon, blubber, mandibular fat, muscle, and connective tissues) were derived and compared.
The tissues HU values were 1st tested for normality and homogenous variances using Kolmogorov-Smirnov and Levene's tests. The results showed that the HU distributions were not drawn from normal distributed populations (P < 0.001) and their population variances were significantly different (P < 0.001). A nonparametric Kruskal-Wallis 1-way analysis (Fig. 1a) .
of variance (ANOVA) on ranks followed by post hoc Dunn's tests was applied to reveal the statistical differences among the tissue structures. The level of statistical significance was set as 0.05, and to maintain the familywise significance level during the multiple post hoc tests the significance level was adjusted to 0.001. In order to reduce any potential overlap between the different tissue structures, the HU values were measured from the center parts of the respective tissues; any HU values from tissue boundaries were rejected to eliminate sampling error.
results
The HU distributions of the head tissue structures from both the maternal body and its fetus were obtained from the yz, xy, and xz sections in the CT images (see Figs. 3a, 4a , and 5a, respectively). The HU profiles across the red lines in Figs. 3a, 4a , and 5a, respectively, are shown in Figs. 3b,  4b , and 5b. The regions with highest HU corresponded to skull structures, including cranium and maxilla. A low HU core was found within the melon, which was consistent with previous findings (McKenna 2005) . A dense connective tissue (theca) was identified and located dorsally and posteriorly on the melon which had a high HU value similar to that found in some other odontocetes (Cranford et al. 1996 (Cranford et al. , 2008 . The lowest HU values were found in the air sacs of the maternal body (see Figs. 4b and 5b) .
The CT imaging revealed that the maternal body had a complete cranium, a thick maxilla, widely spread air sacs, and nasal meatus. In contrast, the CT imaging showed that the cranium of the fetus was not enclosed and further that the air sacs and nasal meatus were both absent (see Figs. 4b and 5b) and further that the maxilla was much thinner than that found in the maternal body (see thicknesses of the 2 maxillae in Fig. 3b ). These results indicate the immature development of the acoustic structures of the fetus.
To further quantify the tissue differences between the fetus and its maternal body, HU values among the different acoustic tissues (melon, blubber, mandibular fat, muscle, and connective tissue) were compared (Fig. 6) . The results of the Kruskal-Wallis (ANOVA) and Dunn's post hoc tests demonstrated statistically significant differences among all 5 acoustic tissue structures (melon, blubber, mandibular fat, muscle, and connective tissue) for the fetus and the maternal body separately and between the fetus and the maternal body (P < 0.001). The median HU values of the connective tissue were the highest, followed by muscle, mandibular fat, melon, and blubber in both the fetus and the maternal body. The HU ranges of these structures both in the fetus and the maternal body were given in Fig. 6 . The median HU values of melon, blubber, mandibular fat, and muscle in the fetus (−61.0, −74.0, −24.0, and 25.0, respectively) were higher than those recorded in the maternal body (−85.0, −85.0, −69.0, and 12.0, respectively). However, the median HU value of connective tissue (50.0) in the fetus was lower than that recorded in the maternal body (60.0). Though the median HU values for melon and blubber body were the same for the maternal, they were statistically different (P < 0.001).
discussion
Few previous studies have investigated the natal development of the tissue structures involved in sound production in odontocetes (Oelschläger 1990; Solntseva 1990) . This is the 1st study to compare the acoustic tissue structures involved in sound production and reception in a fetus and its maternal body of finless porpoises using CT imaging. Our results showed that the acoustic tissue structures in the fetus may not be fully developed by the time of birth. Considering that the estimated gestation period for finless porpoise is about 11 months (Kasuya and Kureha 1979) , the unborn fetus studied in the present paper might be used to hypothesize that a newborn finless porpoise calf may not be fully developed to produce and use ultrasound beams for echolocation. However, further studies are needed to test at what age these tissue structures are fully developed in calves of finless porpoises. The results presented here represent a 1st initiative where CT scanning can be combined with acoustic signal recording to investigate the ontogeny of echolocation in odontocetes. CT scanning could effectively be used to record the development of acoustic structures, while signal recording could demonstrate the development of vocalizations.
The maxilla in the fetus had lower HU values than that of the maternal body (Figs. 3-5) , which indirectly indicates its lower density and sound velocity properties compared to the maxilla of the maternal body (Soldevilla et al. 2005; Wei et al. 2015) . Furthermore, air sacs as well as the nasal system were absent in the forehead of the fetus. This shows that the fetus, at an estimated gestation age of 10 months, had not yet developed the phonic lips and air sacs, tissues necessary for sound production and sound reflection (Cranford et al. 1996 (Cranford et al. , 2014 . Compared to the maternal body, the cranium in the fetus was not completely fused and the maxilla was thinner. The incomplete cranium and thin maxilla further indicate the undeveloped status of the acoustic structures in the fetus. In addition, although CT scans showed the presences of other relevant acoustic tissues in the fetus including melon, blubber, mandibular fat, and muscle, the differences in HU values between the fetus and its maternal body (Fig. 6 ) indicate that these tissues were not fully developed in the fetus.
CT imaging has been applied to determine physical parameters of the tissues in Cuvier's beaked whales (Z. cavirostris) and finless porpoises (N. a. asiaeorientalis- Soldevilla et al. 2005; Wei et al. 2015) . These studies uniformly suggested the linear relationships between the head tissues' HU and sound velocity, HU and density, respectively. Thus, the HU distributions presented here could indirectly represent the distributions of sound velocity and density. The abilities of odontocetes to transmit and receive sound depend on the acoustical properties of the tissues involved and their roles in the sound propagation process depend on their respective density and sound velocity properties (Cranford et al 2008; Wei et al 2014) . The skull structures had higher densities and velocities than the surrounding tissues, while the air sacs had lower densities and velocities than surrounding tissues. The wide differences in acoustic properties between skull and air sac structures and their surrounding tissues determine their roles as sound reflectors (Bruneau 2013) . In contrast, the sound velocity and density distributions of the melon determine its function in modulating the sound beams (Aroyan et al 1992; Wei et al 2014) .
A previous study using acoustic recording methods demonstrated that Yangtze finless porpoise (N. a. asiaeorientalis) do not produce adult-like echolocation clicks until 22 days postnatal and was not able echolocate efficiently until 100 days postnatal (Li et al. 2007b) . Other studies have shown that in Dall's porpoises (Phocoenoides dalli) and common bottlenose dolphins (Tursiops truncatus), the ability for newly born calves to produce clicks could be fully developed within the 1st week of life and 22 days postpartum, respectively (Bain 1988; Hendry 2004) . In comparison, neonatal killer whales (Orcinus orca) may not be able to link click production with echolocation until 255 days postpartum (Bowles et al. 1988) . Our study presented the 1st morphological evidence of natal development in tissue structures associated with sound production and sound reception in finless porpoises by directly visualizing and measuring differences in the acoustic structures of a fetus and its maternal body. Additional samples and further analyses are needed to confirm the results and to determine the age at which juvenile finless porpoises (N. a. sunameri) have fully developed the acoustic tissue structures.
